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Abstract

Background: Sepsis-induced acute lung injury (ALI) poses a significant therapeutic challenge due to the lack of effective treatments.
Shionone (SHI), a compound known for its anti-inflammatory properties, was investigated for its potential to mitigate ALI by modulating
macrophage polarization, a key process in the inflammatory response. The underlying mechanism was also explored. Methods: We
established lipopolysaccharide (LPS)-induced models of ALI in mice and RAW264.7 cells. The protective effects of SHI were assessed
in vivo using lung histopathology (hematoxylin and eosin [H&E] staining) and the lung wet-to-dry weight ratio. Cell viability was
assessed using a Cell Counting Kit-8 (CCK-8) assay. The levels of inflammatory cytokines (interleukin-6 [IL-6], interleukin-1 beta
[IL-1β], tumor necrosis factor-alpha [TNF-α], granulocyte-macrophage colony-stimulating factor [GM-CSF], Interleukin-10 [IL-10],
transforming growth factor-beta 1 [TGF-β1]) and polarization markers (inducible nitric oxide synthase [iNOS], arginase-1 [Arg1]) were
quantified by enzyme-linked immunosorbent assay [ELISA] and real-time quantitative PCR. The expression of key proteins in the high-
mobility group box 1 (HMGB1)/nuclear factor κ B (NF-κB) pathway (HMGB1, toll-like receptor 4 [TLR4], myeloid differentiation
primary response 88 [MyD88], NF-κB p65) was analyzed by western blot and immunofluorescence. The study used a small interfering
RNA [siRNA] loss-of-function strategy to demonstrate that HMGB1 is a critical target of SHI. Results: SHI treatment significantly
attenuated sepsis-induced ALI in mice, as evidenced by improved lung histology, lower lung injury scores, and reduced pulmonary
edema. In both in vivo and in vitro models, SHI suppressed the production of pro-inflammatory cytokines (TNF-α, IL-6, IL-1β) and
the M1 macrophage marker iNOS, while enhancing the release of anti-inflammatory cytokines (GM-CSF, IL-10, TGF-β1) and the
M2 marker Arg1. Mechanistically, SHI inhibited the activation of the HMGB1/NF-κB pathway by downregulating the expression of
HMGB1, TLR4, MyD88, and NF-κB phosphorylation. The critical role of HMGB1 was further supported by the finding that siRNA-
mediated knockdown of HMGB1 mimicked the anti-inflammatory and polarization-shifting effects induced by SHI. Conclusion: Our
findings demonstrate that SHI alleviates sepsis-induced ALI by reprogramming macrophage polarization from a pro-inflammatory M1
phenotype to an anti-inflammatoryM2 phenotype. This protective effect is primarily mediated through the inhibition of the HMGB1/NF-
κB signaling pathway. Thus, SHI represents a potential therapeutic candidate for sepsis-associated lung injury.

Keywords: acute respiratory distress syndrome; shionone; molecular mechanism; macrophage polarization; HMGB1; traditional Chi-
nese medicine

1. Introduction

Acute lung injury (ALI) is a principal complication
arising from sepsis [1]. Macrophage polarization, a key
process in the development of sepsis, can lead to sys-
temic decompensation, and exacerbate the inflammatory
response, and have widespread effect during the develop-
ment of sepsis. ALI involves dysregulated inflammation
with an imbalance in macrophage polarization at its core.
Excessive pro-inflammatory M1 macrophage activity pro-
motes tissue damage, while deficient anti-inflammatoryM2
macrophage function impairs repair. The specific signaling
pathways governing this imbalance remain unclear, but elu-
cidating these mechanisms is crucial for developing thera-

pies to modulate macrophage responses and improve ALI
outcomes [2]. Aster is a traditional medicine used to treat
ALI, with shionone (SHI) as its main active component.
Previous studies have reported that SHI improves ALI [3].

Macrophages, as central nodes of immune activ-
ity, exhibit strong plasticity and versatility in response
to changes in the body’s internal environment. Under
different stimulation conditions, macrophages can polar-
ize into two distinct phenotypes: M1 (pro-inflammatory)
and M2 (anti-inflammatory), which play opposing roles
in inflammation, M1 pro-inflammatory type and M2 anti-
inflammatory type, which play different roles in inflam-
mation. Their polarization functions are almost antag-
onistic. M1 macrophages, induced by lipopolysaccha-
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ride (LPS), release pro-inflammatory mediators, includ-
ing interleukin-6 (IL-6), interleukin-1 beta (IL-1β), tu-
mor necrosis factor-alpha (TNF-α) [4,5], and are charac-
terized by the biomarker inducible nitric oxide synthase
(iNOS). The M1 phenotype is known to aggravate inflam-
matory dysfunction. Conversely, M2 macrophages re-
lease anti-inflammatory cytokines interleukin-10 (IL-10),
granulocyte-macrophage colony-stimulating factor (GM-
CSF), transforming growth factor-beta 1 (TGF-β1) [5], and
can be identified by arginase-1 (Arg1) [6]. Macrophage po-
larization is a complex process regulated by various signal-
ing molecules and pathways. During ALI, ineffective con-
trol of the M1-dominated inflammatory immune response
can lead to progression to ARDS [7]. Therefore, studying
macrophage polarization is crucial for understanding the
transformation between M1 and M2 macrophages and for
developing treatments for inflammatory diseases. In-depth
study of macrophage polarization mechanisms is essential
to finding treatments for acute lung injury.

LPS activates nuclear factor κ B (NF-κB) and reg-
ulates M1 phenotype macrophage activation [8]. High-
mobility group box 1 (HMGB1) is highly expressed in
macrophages and plays a key role in inflammatory diseases.
Studying HMGB1 as a target for anti-inflammatory ther-
apy is significant [9,10]. Several studies have shown that
HMGB1 can bind to toll-like receptors, activate NF-κB
signaling and promote inflammatory response. It can also
form complexes with other inflammatory factors, such as
LPS and IL-1β to initiate inflammatory cascades [11–13].
HMGB1 inhibits GM-CSF and enhances phosphorylation
of signal transducers and NF-κB [14], highlighting its cru-
cial role in the NF-κB—related pathway.

The Chinese herbal medicine Aster exhibits a protec-
tive effect against respiratory diseases such as pharyngi-
tis, cough, and asthma. Shionone, the primary active in-
gredient extracted from Aster, possesses antiviral and im-
munomodulatory properties. Previous study has reported
that SHI can improve ALI and inhibit the expression of in-
flammatory factors, potentially through the regulation of
macrophage polarization [3]. SHI exerts anti-inflammatory
effects through the NF-κB pathway [15]. This study
explores the mechanism by which shionone modulates
M1/M2 macrophage polarization to alleviate LPS-induced
acute lung injury.

2. Materials and Methods
2.1 Reagents

SHI was purchased from Yuanye Bio-Technology
(B21703, Shanghai, China) and was solubilized in 0.1%
(w/v) DMSO. LPS was obtained from Sigma (L4516, St.
Louis, United States). Dexamethasone (DXM) was pur-
chased from Chenxin Drug Store (H37021969, Jining,
China).

2.2 Animals

Male C57BL/6mice (8 weeks old) were obtained from
Jihui Co., Ltd. (Shanghai, China). The mice were housed
in a standard laboratory environment maintained a tempera-
ture of 24± 1 °C, humidity of 40–60%, and a 12 h light/dark
cycle. The mice were allowed to acclimatize to these condi-
tions for oneweek before the start of the experiment. All ex-
perimental procedures were performed in accordance with
the NIH Guide for the Care and Use of Laboratory Ani-
mals, and were based on established literature [8]. All ef-
forts were made to minimize the number of animals used
and their suffering. Each group consisted of three or more
animals. For our study, anesthesia was induced in mice us-
ing inhaled isoflurane (3–4%) and maintained at 1.5–2%
prior to euthanasia. The euthanasia method consisted of a
two-step procedure compliant with the AVMA Guidelines
(2020): first, a deep overdose with≥5% isoflurane for over
five minutes post-respiratory arrest, followed immediately
by cervical dislocation as a confirmatory physical method
to ensure death. All procedures were approved by our In-
stitutional Animal Care and Use Committee (No.2023032).
The mice were randomly assigned to five groups: control,
LPS, LPS+DXM (5 mg/kg), LPS+SHI-L (50 mg/kg), and
LPS+SHI-H (100 mg/kg). A murine sepsis model was in-
duced by intraperitoneal injection of LPS. Drug administra-
tion was performed via intragastric gavage 2 hours before
LPS injection, and again at 0, 2, and 12 hours post-injection.
The mice were euthanized by inhalation of an overdose of
anesthetic agent. Lung tissues were then collected and pro-
cessed as follows: one portion was used to determine the
wet-to-dry weight ratio, another portion was fixed in 4%
paraformaldehyde was purchased from Servicebio (G1101,
Wuhan, China), and the remaining samples were stored at
–80 °C.

2.3 Lung Wet-to-Dry Weight Ratio

The lungs were removed from the sacrificed mice and
weighed to obtain the wet weight (W). The lung tissues
were then dried at 65 °C for 48 hours and weighed again to
obtain the dry weight (D). The wet-to-dry weight (W/D) ra-
tio was calculated to assess the degree of pulmonary edema.

2.4 Histopathological Analysis/Hematoxylin and Eosin
Staining and Lung Injury Score

Lung tissues were fixed in 4% paraformaldehyde, em-
bedded in paraffin, and sectioned. After deparaffinization
and rehydration, the sectionswere stainedwith hematoxylin
and eosin (H&E). Pulmonary histopathological changes
were observed under a CX53microscope (Olympus, Tokyo,
Japan). Lung injury scoring was performed by an expe-
rienced investigator blinded to the treatment groups (cat-
egorized as absent, mild, moderate, or severe with scores
ranging from 0 to 3). The assessment was based on the
presence of exudates, hyperemia, congestion, neutrophilic
infiltration, intra-alveolar hemorrhage, debris, and cellular
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Table 1. Murine primer sequences for qRT-PCR.
Primer name Forward (5′ to 3′) Reverse (5′ to 3′)

β-actin GTGCTATGTTGCTCTAGACTTCG ATGCCACAGGATTCCATACC
High-mobility group box 1 AGGCTGACAAGGCTCGTTATGAAAG GGGCGGTACTCAGAACAGAACAAG
inducible nitric oxide synthase ATCTTGGAGCGAGTTGTGGATTGTC TAGGTGAGGGCTTGGCTGAGTG
Arginase-1 AGACAGCAGAGGAGGTGAAGAGTAC TGAGTTCCGAAGCAAGCCAAGG
Transforming growth factor-beta 1 CAACAATTCCTGGCGTTACCTTGG TGTATTCCGTCTCCTTGGTTCAGC
Interleukin-10 TGGACAACATACTGCTAACCGACTC GCCGCATCCTGAGGGTCTTC
Granulocyte-macrophage colony-stimulating factor CCAGGAGATTCCACAACTCAGGTAG TGAGAGGCTGTAGACCACAATGC
Interleukin-1 beta TACAGGCTCCGAGATGAACAAC TGCCGTCTTTCATTACACAGGA
Interleukin-6 AGCCAGATCCTTCAGAGAGA TGGTATTGGTCCTTAGCCAC
Tumor necrosis factor-alpha CACAGAAAGCATGATCCGCG ACTGATGAGAGGGAGGCCAT

hyperplasia. Each of the following indicators was scored
on a 0–4 scale: edema, atelectasis, necrosis, alveolar and in-
terstitial inflammation, hemorrhage, and hyaline membrane
formation. The scoring criteria were defined as follows: 0 =
no injury; 1 = 25% injury; 2 = 50% injury; 3 = 75% injury;
4 = 100% injury. For each slide, the score of each injury
indicator was evaluated in 10 randomly selected fields at
200× magnification [16].

2.5 Cell Culture

Murine RAW264.7 macrophage cells were obtained
from iCell (Shanghai, China) and were cultured in Dul-
becco’s Modified Eagle Medium supplemented with 10%
heat-inactivated fetal bovine serum. Cells were maintained
in a 37 °C incubator with a humidified atmosphere of 5%
CO2 and 95% air. Subculturing was performed every 1–2
days, and only cells in the logarithmic growth phase were
used for experiments. Cells were seeded into six-well or 96-
well plates at a density of 5 × 103 cells/mL and incubated
for 24-hour before the culture medium was replaced. The
RAW264.7 cells were divided into four groups: control,
LPS, LPS+SHI-L (2 µg/mL), and LPS+SHI-H (4 µg/mL).
Cells were pretreated with SHI at concentrations of 2.0
µg/mL (SHI-L) and 4.0 µg/mL (SHI-H) for 2 hours, then
stimulated with LPS (5 µg/mL) for 24 hours. Cell super-
natants and cells were then collected for subsequent exper-
imental analyses. All cell lines were validated by STR pro-
filing and tested negative for mycoplasma.

2.6 Transfection

HMGB1-siRNA was obtained from Hippobiotec Co.,
Ltd. (Huzhou, China). For cell preparation, 1 × 105
cells were inoculated in 400 µL of antibody free medium
one day before transfection to ensure 50% cell conflu-
ence. For transfection, siRNAwas diluted with 50 µL Opti-
MEM to a final concentration of 50 nM and gently pipet-
ted 3–5 times to mix. The transfection reagent, Lipofec-
tamine 2000, was gently mixed by inversion before use.
Then, 1.2 µL of Lipofectamine 2000 was diluted in 50
µL of Opti-MEM, gently pipetted (3–5 times) to mix thor-
oughly, and incubated at room temperature for 5 minutes.

The transfection reagent mixture was combined with the
siRNA diluent via gentle pipetting (3–5 times) and allowed
to stand at room temperature for 20 minutes. The trans-
fection complex was added to the 24-well cell plate, and
the plate was gently shaken back and forth to mix evenly.
Cell culture plates were incubated in a 5% CO2 incuba-
tor at 37 °C for 48 hours. Fresh medium was replaced
4–6 hours after transfection. RAW264.7 cells were di-
vided into the following groups: control, LPS, HMGB1-
siRNA (knockdown), LPS+HMGB1-siRNA, LPS+SHI,
and LPS+HMGB1-siRNA+SHI. Cells were first treated
with SHI at a concentration of 2.0 µg/mL for 2 hours, fol-
lowed by stimulation with LPS for 24 hours [8].

2.7 Quantitative Real-Time Polymerase Chain Reaction
Total RNA was isolated from cells using the MolPure

Cell/Tissue Total RNA Kit (Yeasen 19221ES50, Shanghai,
China). Reverse transcription was performed usingwith the
HiScript II Q RT SuperMix Kit (Vazyme R223-01, Nan-
jing, China). Quantitative real-time PCR (qRT-PCR) was
then performed using SYBR qPCR Master Mix (Medical-
bio MR0321, Suzhou, China) according to the manufac-
turer’s protocols. The 20 µL reaction system consisted of
1 µL cDNA template, 0.4 µL each of forward and reverse
primers, 10 µL SYBR Premix Ex Taq, and 8.2 µL ddH2O.
β-actin was used as the internal reference gene, with primer
sequences detailed in Table 1 (Sangon Biotech, Shanghai,
China). Relative mRNA expression levels were calculated
using the 2−∆∆CT method.

2.8 Enzyme-Linked Immunosorbent Assay (ELISA)
The concentrations of IL-1β, IL-6, TNF-α, IL-10,

TGF-β1 and GM-CSF, were measured using commercial
ELISA kits according to the manufacturer’s instruction
(MultiSciences EK201, EK206, EK282, EK210, EK981,
EK263, Hangzhou China). The concentrations of HMGB1
were determined using commercial ELISA kits (Qiaoyi
JEN-018, Hefei, China) in accordance with the manufac-
turer’s instructions.
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Fig. 1. SHI ameliorated LPS-induced ALI in vivo. (A) The histopathological alteration by H&E staining. Scale bar: 100 μm. (B) The
lung injury score. (C) The wet-to-dry ratio of the lungs. Compared with the control group, ##p < 0.01, compared with the LPS group,
**p < 0.01. SHI, Shionone; LPS, lipopolysaccharide; ALI, acute lung injury; H&E, hematoxylin and eosin; DXM, dexamethasone; L,
low; H, high.

2.9 Western Blot

Proteins were extracted from RAW264.7 cells using
radio immunoprecipitation assay (RIPA) buffer (Beyotime
P0038, Shanghai, China), and their concentrations were
measured with a BCA kit (Beyotime P0009, Shanghai,
China). After denaturation, equal protein loads were re-
solved on 8–12% SDS-PAGE gels and electrotransferred to
PVDF membranes. Following a 1-hour block in 3% bovine
serum albumin (Servicebio GC305010, Wuhan, China),
membranes were probed with specific primary antibod-
ies overnight at 4 °C. Primary antibodies against HMGB1
(ZenBio R22773 1:3000, Chengdu, China), p-NF-κB (Zen-
Bio 310013 1:1000, Chengdu, China), NF-κB (ZenBio
380172 1:1000, Chengdu, China), MyD88 (ZenBio 340629
1:1000, Chengdu, China), TLR4 (ZenBio 505258 1:1000,
Chengdu, China), iNOS (ZenBio 340668 1:1000, Chengdu,
China), Arg1 (Proteintech 16001-1-AP 1:10,000, Wuhan,
China), and β-actin (ZenBio R380624 1:7500, Chengdu,

China). Subsequently, membranes were washed, incu-
bated with HRP-conjugated secondary antibodies (Zenbio
511203 1:7500, Chengdu, China) for 1 hours, and the sig-
nals were visualized via enhanced chemiluminescence.

2.10 Immunofluorescence Staining

Cells were fixed with 4% paraformaldehyde, then per-
meabilized and blocked with 3% BSA containing 0.1% Tri-
ton X-100. The cells were then incubated overnight at 4
°C with an anti-Arg1 primary antibody. After thorough
washing, cells were incubated with an Alexa Fluor® 488-
conjugated secondary antibody for 1 hour in the dark at
room temperature. Nuclei were counterstained with 4’,6-
diamidino-2-phenylindole (DAPI) for 10 seconds. Finally,
samples were mounted with an anti-fade mounting medium
(Beyotime, Shanghai, China) and visualized under a CX53
microscope (Olympus, Tokyo, Japan). Fluorescence inten-
sity was quantified using ImageJ software 2.1.4.7 (National
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Fig. 2. SHI inhibited the expression of serum inflammatory factors in ALI models. (A–F) IL-1β, IL-6, TNF-α, GM-CSF, IL-10 and
TGF-β1 expression in the serum. Compared with the control group, #p < 0.05, ##p < 0.01, compared with the LPS group, *p < 0.05,
**p < 0.01.

Fig. 3. SHI inhibited the expression of inflammatory factors in ALI model lung tissue. (A–F) IL-1β, IL-6, TNF-α, GM-CSF, IL-10
and TGF-β1 expression in the lung tissues by mRNA. Compared with the control group, ##p < 0.01, compared with the LPS group, *p
< 0.05, **p < 0.01.

Institutes of Health, Bethesda, MD, USA), and representa-
tive images were captured.

2.11 Statistical Analysis

Data are expressed as mean ± SEM. All experiments
were independently repeated at least three times. Statistical
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analyses were performed using GraphPad Prism 8 software
(GraphPad Software, Boston, MA, USA). For comparisons
among three or more groups, one-way analysis of variance
(ANOVA) was used followed by Tukey’s honestly signif-
icant difference (HSD) post hoc test for pairwise compar-
isons when variances were equal.

3. Results
3.1 SHI Improved LPS-Induced ALI In Vivo

Our findings indicate that SHI can mitigate ALI
in LPS-induced septic mice. Histopathological changes
were evaluated via H&E staining. As shown in Fig. 1A,
LPS challenge induced characteristic pathological fea-
tures including inflammatory cell infiltration, pulmonary
edema, and alveolar wall thickening. Treatment with SHI
(100 mg/kg) or DXM markedly attenuated these changes,
whereas SHI at 50 mg/kg showed a lesser effect (Fig. 1A).
Additionally, SHI significantly improved the lung injury
score (Fig. 1B). The LPS group exhibited a significantly
elevated wet-to-dry weight ratio compared to the control
group (p< 0.01). In contrast, treatment with SHI and DXM
markedly reduced the pulmonary wet-to-dry weight ratio
relative to the LPS group (p < 0.01) (Fig. 1C).

3.2 SHI inhibited the Expression of Serum Inflammatory
Factors in ALI Models

LPS stimulation significantly increased serum levels
of IL-1β, IL-6, and TNF-α (p< 0.05). Both SHI and DXM
treatments significantly decreased these serum levels (p <

0.05) (Fig. 2A–C). Compared to the LPS group, the rela-
tive levels of GM-CSF, IL-10, and TGF-β1 in the serum
of SHI and DXM groups were significantly increased (p <
0.05) (Fig. 2D–F). A higher dose SHI (100 mg/kg) exhib-
ited a stronger effect than a lower dose SHI (50 mg/kg).
Compared to the control group, LPS stimulation increased
the expression of IL-1β, IL-6, TNF-α, GM-CSF, IL-10, and
TGF-β1 (p < 0.05) (Fig. 2).

3.3 SHI Inhibited the Expression of Inflammatory Factors
in ALI Lung Tissue

The mRNA levels of IL-1β, IL-6, and TNF-α in lung
tissue of mice stimulated by LPS were significantly in-
creased (p < 0.05). Both SHI and DXM interventions sig-
nificantly reduced these mRNA levels (p< 0.05) (Fig. 3A–
C). Compared with the LPS group, the relative mRNA lev-
els of GM-CSF, IL-10, and TGF-β1 in lung tissues of SHI
and DXM groups were significantly increased (p < 0.05)
(Fig. 3D–F). A higher dose of SHI (100 mg/kg) appeared
to have a stronger effect than a lower dose of SHI (50
mg/kg). Compared with the control group, LPS stimulation
increased the mRNA expressions of IL-1β, IL-6, TNF-α,
GM-CSF, IL-10, and TGF-β1 (p < 0.05) (Fig. 3).

3.4 SHI Affects Macrophages Polarization and HMGB1
Expression in ALI Model

The expression of the polarization markers iNOS and
Arg1 mRNA was examined in the lung tissues of mice
stimulated by LPS for 24 hours. The results showed that
the iNOS mRNA level in ALI lung tissues significantly
increased after LPS stimulation for 24 hours (p < 0.01).
Compared to the LPS group, pretreatment with low-dose
inhibited the iNOS mRNA level in ALI lung tissues (p <

0.05). Moreover, high-dose SHI group was greater than
that of low-dose SHI group (Fig. 4A). In addition, after LPS
stimulation for 24 hours, the mRNA level of Arg1 in ALI
lung tissues increased (p < 0.01), and pretreatment with
high-dose SHI enhanced Arg1 more than the low-dose SHI
group (p < 0.05) (Fig. 4B). After LPS stimulation for 24
hours, HMGB1 mRNA level was significantly increased
(p < 0.01). Compared to the LPS group, both DXM and
SHI down-regulated HMGB1 levels with the high-dose SHI
group showing a greater effect than the low-dose group (p<
0.01) (Fig. 4C). Similarly, the expression level of HMGB1
in the serum of the mice showed the same trend (Fig. 4D).

3.5 The Effect of Shionone on Macrophage Polarization in
RAW264.7 Cells

In this study, RAW264.7 cells were stimulated with
lipopolysaccharide (LPS) as a model, and then treated with
low (2 µg/mL) or high (4 µg/mL) doses of shionone (SHI).
Shi proliferation was assessed using CCK-8 assays. Com-
pared to the control group, LPS group was significantly
reduced RAW264.7 cell proliferation (p < 0.01). How-
ever, SHI treatment, at both low (SHI-L) and high (SHI-H)
doses, significantly increased cell proliferation compared
to the LPS group (p < 0.05) (Fig. 5A). Cell morphology
was observed via inverted microscopy (Fig. 5B). To in-
vestigate the effects of SHI on M1 and M2 macrophage
polarization markers, iNOS and Arg1 mRNA expression
in RAW264.7 cells was measured after 24 hours of LPS
stimulation. LPS stimulation significantly increased iNOS
mRNA levels (p < 0.01). Pretreatment with 2 µg/mL SHI
significantly inhibited iNOS mRNA expression (p< 0.05),
and pretreatment with 4 µg/mL SHI further inhibited iNOS
mRNA levels (p < 0.05), as shown in Fig. 5D. Similarly,
LPS stimulation significantly increased Arg1 mRNA lev-
els after 24 h (p < 0.01). Pretreatment with 2 µg/mL SHI
significantly increased Arg1 mRNA expression (p< 0.05),
and pretreatment with 4 µg/mL SHI further increased Arg1
mRNA levels (p< 0.01), as shown in Fig. 5C. Immunofluo-
rescence results indicated that SHI (2 µg/mL and 4 µg/mL)
effectively blocked iNOS expression compared to the LPS
group (p < 0.05) (Fig. 5F,G). Additionally, 4 µg/mL SHI
enhanced Arg1 expression to a greater extent than 2 µg/mL
SHI (p < 0.05) (Fig. 5E,H). Western blot analysis revealed
that LPS stimulation significantly increased iNOS protein
levels in RAW264.7 cells after 24 h (p < 0.01). Pretreat-
ment with 2 µg/mL SHI for 2 hours down-regulated iNOS
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Fig. 4. SHI affects the polarization and inhibits HMGB1 expression in ALI model lung tissue. (A,B) mRNA expression of Arg1
and iNOS in lung tissues. (C,D) HMGB1 mRNA expression in lung tissues and serum level. Compared with the control group, #p <

0.05, ##p < 0.01; compared with the LPS group, *p < 0.05, **p < 0.01.

protein levels (p < 0.05), and pretreatment with 4 µg/mL
SHI for 2 hours significantly down-regulated iNOS pro-
tein levels (p < 0.01). Concurrently, Arg1 protein levels
increased after LPS stimulation (p < 0.01). Pretreatment
with 2 µg/mL SHI increased Arg1 protein levels (p< 0.05),
and pretreatment with 4 µg/mL SHI significantly increased
Arg1 protein level (p< 0.01) (Fig. 5I–K). The effect of SHI
on lipopolysaccharide-induced inflammatory cytokines in
RAW264.7 cells was also assessed by measuring the ex-
pression of TNF-α, IL-6, IL-1β, GM-CSF, IL-10 and TGF-
β1, LPS stimulation significantly increased were measured.
Results showed that levels of TNF-α, IL-6 and IL-1β sig-
nificantly increased after LPS stimulation for 24 h. SHI pre-
treatment significantly inhibited the levels of TNF-α, IL-
6, and IL-1β, and increased the levels of GM-CSF, IL-10,
and TGF-β1 (p < 0.05), suggesting that SHI can promote
macrophage function and reduce inflammation (Fig. 5L–
Q).

3.6 The Effect of Shionone on HMGB1/NF-κB Signaling
in RAW264.7 Cells

To investigate whether SHI mediates macrophage po-
larization by regulating the HMGB1, p-NF-κB, and NF-
κB signaling pathways, we examined the effect of SHI
on these pathways. The results showed that SHI dose-
dependently reduce the HMGB1 mRNA level in LPS-
induced macrophages (p < 0.05) (Fig. 6A). Additionally,
SHI dose-dependently reduced the phosphorylation lev-
els of HMGB1, MyD88 and p-NF-κB in LPS-induced
macrophages (p < 0.05) (Fig. 6B–E).

3.7 SHI Affects Macrophage Polarization Through
HMGB1

To further investigate the role of SHI in HMGB1-
mediated polarization of macrophages, we used HMGB1-
siRNA to reduce HMGB1 expression in cells. We then de-
tected the mRNA expression and protein levels of the po-
larization markers iNOS and Arg1 in RAW264.7 cells after
24 h of LPS stimulation. As shown in Fig. 7A–E, knocking
down HMGB1 (LPS+HMGB1-siRNA group) significantly
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Fig. 5. The effect of SHI on macrophage polarization. (A) Cell Proliferation after 24 hours (CCK-8 assay). (B) Microscopic images.
Scale bar: 100 μm. (C,D) Arg1 and iNOSmRNA expression in RAW264.7 cells. (E–H) Arg1 and iNOS protein expression in RAW264.7
cells by Immunofluorescence. Scale bar: 50 μm. (I–K) iNOS and Arg1 protein expression in RAW264.7 cells by Western Blot. (L–Q)
TNF-α, IL-1β, IL-6, TGF-β1, GM-CSF and IL-10 expression cell culture in the supernatant. Compared with the control group, #p <

0.05, ##p < 0.01, compared with the LPS group, *p < 0.05, **p < 0.01.
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Fig. 6. The effect of SHI on HMGB1/NF-κB signaling in RAW264.7 cells. (A) Effect of SHI on the HMGB1 mRNA in LPS-induced
RAW264.7 cells. (B–E) Protein expression of p-NF-κB, NF-κB, MyD88 and HMGB1 in cells of each group. Compared with the blank
group, #p < 0.05, ##p < 0.01, compared with the model group, *p < 0.05, **p < 0.01.

inhibited the expression of iNOS (p < 0.05) and enhanced
the expression of Arg1 (p< 0.05). As shown in Fig. 7F–K,
knocking down HMGB1 significantly inhibited the expres-
sion of IL-1β, IL-6, TNF-α, GM-CSF, IL-10 and TGF-β1
expression in the supernatant.

3.8 SHI Affects Macrophage Polarization Through
Regulation of the TLR4/NF-κB Pathway by HMGB1

We detected the expression of HMGB1, TLR4,
MyD88, NF-κB and p-NF-κB proteins in macrophages in
HMGB1-SiRNA knockdown cell lines using ELISA, IF
and WB. The results showed that knocking down HMGB1
(LPS+HMGB1-siRNA group) inhibited the HMGB1-
mediated TLR4/NF-κB signaling pathway (p < 0.05), and
the results were the similar to those of the LPS+SHI group
(p< 0.05) (Fig. 8A). In addition, the two treatments showed
a synergistic effect (p< 0.05), confirming that SHI affected
the polarization of macrophages through the regulation of
the TLR4/NF-κB pathway by HMGB1 (Fig. 8B,C). We de-
tected the levels of related pathway proteins in RAW264.7
cells. As shown in Fig. 8E–G, HMGB1 knocked down
can significantly inhibited the protein expression levels
of P-NF-κB, MyD88 and HMGB1 like SHI intervention
(p < 0.05), and the two have a synergistic effect (p <

0.05). We detected the levels of related pathway proteins

in RAW264.7 cells. As shown in Fig. 8D–G, HMGB1
knocked down can significantly inhibit the protein expres-
sion levels of p-NF-κB,MyD88 andHMGB1 similar to SHI
intervention (p < 0.05), and the two had have a synergistic
effect (p < 0.05).

4. Discussion
This study investigates the therapeutic mechanism

by which SHI alleviates sepsis-induced ALI by regulat-
ing macrophage polarization via the HMGB1/NF-κB sig-
naling pathway. In lipopolysaccharide-induced murine
models, SHI treatment significantly mitigated lung in-
flammation, pulmonary edema, and histopathological dam-
age, as evidenced by decreased lung injury scores and
wet-to-dry weight ratios (p < 0.01). Mechanistically,
SHI dose-dependently suppressed M1 polarization mark-
ers while enhancing M2 polarization markers, effectively
shifting the macrophage phenotype from pro-inflammatory
to anti-inflammatory. This phenotypic transition was ac-
companied by reduced pro-inflammatory and elevated anti-
inflammatory cytokines levels in both serum and lung tis-
sues (p < 0.05). Key mechanistic insights revealed that
SHI inhibits HMGB1 expression and downstream NF-κB
activation, as indicated by decreased phosphorylation of
NF-κB p65, TLR4, and MyD88 (p < 0.05). The pro-
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Fig. 7. SHI affects macrophage polarization through HMGB1. (A,B) iNOS and Arg1 mRNA expression in the RAW264.7 cells. (C–
E) iNOS and Arg1 protein expression in the RAW264.7 by WB. (F–K) IL-1β, IL-6, TNF-α, GM-CSF, IL-10 and TGF-β1 expression in
the supernatant. Compared with the LPS group, #p< 0.05, ##p< 0.01, compared with the LPS+HMGB1-siRNA+SHI group, *p< 0.05,
**p < 0.01. Groups: control group, LPS group, HMGB1-siRNA group, LPS+HMGB1-siRNA group, LPS+SHI group, LPS+HMGB1-
siRNA+SHI group.
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Fig. 8. SHI affects macrophage polarization through the regulation of the TLR4/NF-κB pathway by HMGB1. (A) HMGB1
expression in the supernatant. (B,C) TLR4 expression in RAW264.7 cells by IF. Scale bar: 50 μm. (D–G) p-NF-κB,NF-κB, HMGB1,
MyD88 expression in the RAW264.7 by WB. Compared with the LPS group, #p< 0.05, ##p< 0.01, compared with the LPS+HMGB1-
siRNA+SHI group, *p < 0.05, **p < 0.01. Group: control group, LPS group, HMGB1-siRNA group, LPS+HMGB1-siRNA group,
LPS+SHI group, LPS+HMGB1-siRNA+SHI group.
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tective effects of SHI were further validated via HMGB1
siRNA knockdown, which mimicked SHI’s effects, con-
firming HMGB1 as a direct therapeutic target. Notably, this
study advances beyond previous research [8] linking SHI
to ALI mitigation via ECM1/STAT5 signaling by identify-
ing HMGB1 as the upstream regulator of macrophage po-
larization. Unlike broad-spectrum NF-κB inhibitors, SHI
selectively targets HMGB1, thereby avoiding global im-
mune suppression while preserving M2-mediated tissue re-
pair. These findings establish the HMGB1/NF-κB axis as a
viable therapeutic target for sepsis-induced ALI and high-
light SHI’s dual role in resolving inflammation and promot-
ing tissue recovery, providing a basis for targeted therapeu-
tic development.

Sepsis frequently leads to multiple organ damage,
with the development of a “systemic inflammatory response
syndrome” impacting both humans and animals [17]. Acute
lung injury, a major complication of sepsis, typically re-
sults in lung inflammation and pathological injury, sig-
nificantly affecting lung pathophysiology. Sepsis can in-
duce high concentrations of pro-inflammatory cytokines in
serum and lung tissue, creating an “inflammatory storm”
that further exacerbates lung damage [18].Previous studies
have reported that ECM1 serves as a critical factor required
for driving M1 macrophage polarization in inflammatory
bowel disease (IBD) upon LPS stimulation. [19]. This
model revealed changes in lung histopathology, including
inflammatory cell infiltration, alveolar wall thickening, and
pulmonary edema. Drugs intervention improved these pul-
monary inflammatory manifestations, indicating that SHI
can be effectively reverse sepsis-induced ALI.

Sepsis alters the body’s immune environment and ac-
tivates macrophages, which are crucial phagocytes in the
immune system distributed throughout various tissues, in-
cluding the lung. macrophages perform various functions,
including pathogen phagocytosis and elimination, removal
of damaged or dead cells, regulation of inflammatory re-
sponses, and promotion of tissue regeneration. Macrophage
polarization is associated with the occurrence and develop-
ment of immune disorders. Polarization of macrophages
can lead to immune system decompensation, exacerbate
the inflammatory response, and have a wide impact on
the body during sepsis development [2]. Under LPS stim-
ulation, macrophages can exhibit both pro-inflammatory
and anti-inflammatory properties [20]. In the early stages
of the inflammatory response, M1 macrophages activated
by the classical activation via pathway, respond rapidly
to infection and tissue damage by secreting various pro-
inflammatory factors such as TNF-α, IL-6, and IL-1β.
While appropriate inflammatory responses promote im-
mune reactions, excessive inflammation can lead to septic
shock and even death [21]. In the later stages of inflam-
mation, M2 macrophages, activated via alternative path-
ways, secrete factors such as IL-10, TGF-β1, and GM-CSF
to help repair inflammation-induced tissue damage. The

phenotype of macrophages changes with different stress
conditions in the body. This balance of pro-inflammatory
and anti-inflammatory phenotypes enables macrophages
to respond quickly to infections and subsequently main-
tain homeostasis [5,21]. iNOS and Arg1 serve as well-
established classical markers for M1 and M2 macrophages,
respectively, respectively. Inhibition of M1 macrophages
and promotion of M2 macrophages improve the survival
of septic mice by promoting an anti-inflammatory response
[22]. The transition from M1 phenotype to M2 phe-
notype demonstrates the anti-inflammatory properties of
macrophages [23]. Therefore, regulating macrophage po-
larization represents a promising therapeutic strategy for
sepsis-induced ALI.

Upon detecting danger signals, such as microbial
stimulation or tissue damage, macrophages rapidly re-
shape themselves and activate the transcription of key
downstream genes in a spatiotemporal dependent man-
ner. This allows them to quickly and effectively perform
functions such as endocytosis, phagocytosis, cytokines se-
cretion and immune response regulation. Many stud-
ies have demonstrated that transcription regulation is cru-
cial for macrophages polarization, and several transcrip-
tion regulatory factors have been identified, including NF-
κB. NF-κB is an important transcription factor involved
in this process; in LPS-induced M1 polarization, the pro-
moter regions of many M1-polarized genes, such as iNOS
and MCP-1, contain NF-κB binding sites. LPS activates
the NF-κB signaling pathway through Toll-like receptor
4 (TLR4), thereby promoting the production of various
M1 polarization-associated cytokines [24]. As a key cy-
toplasmic transcription factor, NF-κB drives inflamma-
tory processes and is stimulated by inflammatory media-
tors of tissue damage [24]. In the contexts of sepsis and
ALI, NF-κB regulates macrophage polarization by control-
ling the transcription of multiple inflammatory factors [25].
In the present study, we preliminarily confirmed that the
TLR4/NF-κB signaling pathway influences the polariza-
tion process of M1 macrophages polarization.

HMGB1 typically resides in the nucleus. Upon proper
stimulation HMGB1 is either actively secreted by immune
cells or passively released from necrotic or damaged cells.
It translocates to the cytoplasm and acts as an initiator of the
inflammatory cascade, participating in the progression of
inflammatory reactions [9], exacerbating HMGB1 further
exacerbates the inflammatory response, worsening patient
conditions, and affecting prognosis [12]. HMGB1 binds
to Toll-like receptors (TLR4,9) to activate NF-κB signal-
ing and promote inflammation. HMGB1, and it can affect
polarization [11]. HMGB1 plays a significant role in the
NF-κB related pathway. Knocking out or reducing the se-
cretion and release of HMGB1, as well as its correspond-
ing activated forms can inhibit the subsequent inflammatory
cascade, which is of great importance in the intervention of
the inflammatory diseases [13]. Our study also showed that
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inhibition of HMGB1 can regulate the TLR4/MyD88/NF-
κB related pathway, down-regulate NF-κB phosphoryla-
tion, reduce M1 polarization, promote macrophages to M2
polarization, and inhibit inflammation. These results indi-
cated that HMGB1was involved in the regulation of SHI on
macrophage polarization. Our analysis suggests that SHI
treatment inhibits HMGB1, NF-κB phosphorylation, and
M1 subgroup characterization, while promotingM2 expres-
sion and thereby improving lung injury in sepsis.

5. Limitations
This study is limited by its focus on macrophage-

mediated mechanisms; future investigations should evalu-
ate SHI’s effects on other immune cell populations and ex-
plore potential crosstalk between macrophage polarization
and metabolic reprogramming in sepsis.

6. Conclusions
Shionone mitigates sepsis-induced acute lung in-

jury by shifting macrophage polarization from a pro-
inflammatory M1 to an anti-inflammatory M2 phenotype.
This therapeutic effect is achieved by suppressing the
HMGB1/NF-κB signaling pathway, specifically through
shionone’s inhibition of HMGB1 release, downregulation
of TLR4-MyD88 signaling, and reduction of NF-κB ac-
tivation. These results suggest that shionone is a promis-
ing candidate for treating sepsis-associated lung injury and
support targeting macrophage polarization in inflammatory
lung disorders.
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